High-level vancomycin (VAN) resistance, encoded by the vanA operon transmitted from Enterococcus species, is quite rare in Staphylococcus aureus (49) . In contrast, intermediate levels of VAN resistance are rising among methicillin-resistant S. aureus (MRSA) strains; these are designated VANintermediate S. aureus (VISA) strains (7, 49) . VISA strains arise by increasing basal resistance to VAN without acquisition of any clearly defined resistance determinants (7) . Although many genetic alterations enabling intermediate VAN resistance have been identified (9, 24, 32, 37, 42) , the functional implications of many of these genetic changes are not yet known, nor have their association with VISA been genetically proven. Staphylococcus aureus has 17 chromosomally encoded two-component regulatory systems (TCRS), excluding systems in SSC-mec elements (25) , and overexpression of one TCRS (SACOL0716 to -0717, also called graRS) has been linked with the VISA phenotype, yet its function remains undefined (9) .
The VISA phenotype is of increasing concern because MRSA strains are now found outside the hospital setting in the community (community-acquired MRSA), potentially increasing the likelihood of community-acquired VISA.
VAN binds the D-alanyl-D-alanine moiety on the peptidoglycan murein monomer and prevents cross-linking of VANbound murein chains with other peptidoglycan chains, thereby leading to inhibition of transpeptidation (40) . Many studies investigating VISA strains have described common phenotypic traits associated with increased VAN resistance. These include a thickening of the cell wall peptidoglycan (10) , increasing synthesis of peptidoglycan (18) , decreasing levels of autolytic enzymes involved in cell wall turnover (3) , reduced levels of cross-linking (4, 19, 46) , diminishing levels of the low-molecular-weight penicillin-binding protein PBP4 (13, 45) , and decreasing muropeptide amidation (4, 19) . One proposed mechanism linking these observable phenotypes to VAN resistance is a clogging mechanism whereby the thickened cell wall of VISA strains may restrict diffusion of VAN, thereby preventing drug binding to the target site of transpeptidation (8) . Despite the aforementioned findings, specific genetic mechanisms underlying these phenotypic alterations have not been well established.
TCRS are widely utilized by bacteria to monitor an external stimulus, using a sensor protein and a phosphorelay cascade through a response regulator protein to alter specific target gene transcription (53) . The genetic organization of a TCRS and an adjacent ATP-binding cassette (ABC) transporter system, repeatedly found in the low-GϩC-content gram-positive bacterial species (Firmicutes), has in some cases been associated with self-immunity against secreted bacteriocins and antimicrobial peptide resistance (5, 21, 30) . Given that secreted bacteriocins can damage the host bacterium, it has been proposed that ABC exporters likely provide a self-immunity function by transporting bacteriocin compounds out of the cell. It is important to note that the genetic linkage of a TCRS and an ABC transporter was found only in the Bacillus/Clostridium group (Firmicutes), and not in other gram-positive bacteria, gramnegative bacteria, or archaea, by the Denizot group using bioinformatics identifying only the OmpR-type response regulator, and not other types such as CheA, to adjacent ABC transporters (21) . Interestingly, Staphylococcus aureus is classified in the Firmicutes phylum and is not known to secrete a chromosomally encoded bacteriocin (33) , yet there are four chromosomal loci where TCRS lie adjacent to ABC transporters (25) .
We hypothesized that the four genetic loci linking TCRS and ABC transporters in S. aureus may represent evolutionary events that confer resistance against exogenous antimicrobial peptides, including bacteriocins (e.g., VAN , a glycopeptide produced by Streptomyces orientalis). In this study, we began to address this hypothesis by demonstrating that S. aureus has basal resistance mechanisms, encoded partially by a bacteriocin-like immunity system comprising of the graRS TCRS (9) and the vraFG ABC transporter genes (24) , that function to increase resistance against VAN and polymyxin B (PMB). Accordingly, our data demonstrate an active process by which S. aureus protects itself against VAN and PMB and further suggest that the other three TCRS/ ABC-transporter loci may also function in resistance mechanisms.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Molecular cloning experiments utilized Escherichia coli TOP10 (Invitrogen). The wild-type and mutant S. aureus strains used in this study are listed in Table 1 . Luria-Bertani medium (Becton Dickinson) was used for culture of E. coli, while S. aureus was cultured in tryptic soy broth (TSB) (Becton Dickinson). For certain assays (see below), S. aureus was grown in brain heart infusion broth (Becton Dickinson) or Mueller-Hinton broth (Becton Dickinson) supplemented with 25 g/ml Ca 2ϩ and 12.5 g/ml Mg 2ϩ (designated CSMHB). When appropriate, antibiotics were added to the media at the following concentrations: ampicillin at 100 g/ml for E. coli and chloramphenicol at 10 g/ml, erythromycin at 2.5 g/ml, and tetracycline at 5 g/ml for S. aureus. Chloramphenicol was routinely used to maintain selection for pEPSA5-based plasmids (14) .
DNA and computational techniques. Plasmid DNA was isolated by standard techniques (QIAGEN) and used to transform chemically competent E. coli (44) or electrocompetent S. aureus (41) . Restriction endonucleases, ligases, and polymerases were used according to the manufacturers' recommendations. The fidelity of all DNA sequences generated by PCR was verified using fluorescently labeled dideoxynucleotides (BigDye Terminators; PE Applied Biosystems) in DNA sequencing reactions.
Construction of S. aureus mutants. All mutants were generated with in-frame deletion of target genes by allelic replacement, using the temperature-sensitive plasmid pMAD (1) . Briefly, 1-kb PCR products upstream and downstream of targeted sequences were generated and ligated using XmaI. The resulting 2-kb product was inserted into pMAD using BamHI and transformed into E. coli. Plasmids were isolated from E. coli and used to transform S. aureus RN4220. Plasmid from RN4220 was then transformed into S. aureus strains RN6390, COL, and Mu50 for which the gene was to be deleted. The process of allelic replacement was described previously (1) . After the excision of pMAD from the merodiploid intermediate strain, either a deletion mutant or a wild-type revertant strain was generated, depending on the location of the DNA crossover event. Wild-type revertant strains have a wild-type genotype but were passaged in conditions identical to those used for the mutant strains. For Mu50, which is erythromycin resistant, a modified pMAD vector (pMAD-CM) was constructed by cloning the chloramphenicol acetyltransferase (cat194) gene from pSK236 into the NaeI site of pMAD (15) . Protocols to generate mutants of the VISA strain Mu50 were not performed with low levels of VAN, so wild-type revertant strains were used as controls to ensure that the effect of culturing conditions on mutant phenotypes was minimal. For each in-frame deletion mutant strain, the chromosomal deletion was verified by PCR and DNA sequencing. The resulting deletion strains encoded proteins with the amino acid deletions GraR⌬10-186, GraS⌬21-335, and VraG⌬20-613; two residues (Pro and Gly) were added at the junction sites of all deletions from the XmaI enzyme site. All primers utilized for mutant strain generation are designated by gene name followed by either "MADUP" or "MADDOWN" in Table 2 . Isolation of RNA and Northern blot hybridization. Overnight cultures of S. aureus were diluted 1:100 in brain heart infusion broth and grown to exponential (A 650 ϭ 0.7 in 18-mm glass tube in a Spectronic 20), late exponential (A 650 ϭ 1.1), and postexponential (A 650 ϭ 1.7) phases. Total RNA from S. aureus strains was prepared by using the Trizol-glass bead method as described previously (28) . The concentration of total RNA was determined by measuring the absorbance at 260 nm. Ten micrograms each of total RNA was analyzed by Northern blotting as described previously (28) . Fragments of graS (400 bp) and vraF (400 bp) were amplified by PCR from chromosomal templates and used as probes. For detection of specific transcripts, gel-purified DNA probes were radiolabeled with [␣-32 P]dCTP by using the random-primed DNA labeling kit (Roche Diagnostics GmbH) and hybridized under aqueous-phase conditions at 65°C. The blots were subsequently washed and bands visualized by autoradiography. Primers used to generate probes in Northern blots are designated by gene name followed by "Probe" in Table 2 .
Quantification of transcript levels by real-time PCR. RNA was isolated as described above except that purified RNA was resuspended in diethyl pyrocarbonate-treated double-distilled water. To remove residual DNA, 10 g of RNA was treated with RNase-free DNase according to the manufacturer's instructions (Turbo DNA-free; Ambion). One microgram of DNase-treated RNA was reverse transcribed using random hexamer primers in the Transcriptor First Strand cDNA synthesis kit (Roche). Quantification of cDNA levels was performed following the instructions of the LightCycler FastStart DNA MasterPLUS SYBR green I kit (Roche) on a LightCycler 1.5 system (Roche). Analysis was performed using the relative quantification method in the LightCycler software version 4.0 platform (Roche). Primers used in PCR were generated using the Custom Primers-OligoPerfect software (Invitrogen) and designated by gene name followed by "sybr" in Table 2 .
Ectopic expression of genes in S. aureus. To complement the mutant strains, we utilized the pEPSA5 expression plasmid (14) . Genes were amplified by PCR (Vent polymerase; New England Biolabs) from multiple strains of S. aureus as noted in Results. The resulting PCR products were gel purified and ligated into pEPSA5 using restriction endonucleases SacI and XbaI. After transformation into E. coli TOP10 and S. aureus RN4220, plasmids were electroporated into final strains, as described above. Genes cloned into pEPSA5 can be induced for expression with xylose (0.5%) or repressed by glucose (0.5%) (14); however, a basal level of expression was always observed without adding exogenous sugars to culturing media. Primers used to construct pEPSA5-based plasmids are designated by gene name followed by "Ectopic" in Table 2 .
Antibiotic sensitivity assays. Antibiotic growth curves were determined according to the following protocol. Strains grown overnight in CSMHB were adjusted to an A 650 of 1.1 (corresponding to ϳ10 9 CFU/ml) using sterile CSMHB. Dilutions were then made (200 l per 7 ml sterile CSMHB) in media with and without 1 g/ml VAN. Growth curves were generated by plotting A 650 over time. For strains carrying pEPSA5-based plasmids, 10 g/ml of chloramphenicol was included in the culture to maintain the plasmid. To determine the MICs of antibiotics to S. aureus strains, we utilized the standardized microdilution CLSI protocol in CSMHB medium (6), using 10 5 CFU/ml in 96-well microtiter plates with scoring at 48 h. MIC data are reported as median values from at least three independent experiments for each antibiotic. For the antibiotic daptomycin, we utilized Etest strips (provided by Cubist Pharmaceuticals), rather than microdilution MIC, and followed the supplied protocol. Also, strains containing pEPSA5-based plasmids grew slower in the presence of chloramphenicol (data not shown), so MICs were determined at 72 h to detect growth at various concentrations of VAN and PMB. Median MICs for pEPSA5-based complementing strains were determined using media with and without sugar supplementation (0.5% xylose or glucose).
Determination of Triton X-100-induced autolysis. The autolysis assay was performed as described previously (20) . Briefly, strains grown overnight in TSB were diluted and grown to mid-logarithmic phase (A 650 ϭ 0.7). Cells were washed twice in cold sterile distilled water and resuspended in 10 ml of 0.05 M Tris-HCl, pH 7.2, containing 0.05% Triton X-100. Cells were incubated at 30°C, and the A 600 was measured every 30 minutes. Data are expressed as percent loss of A 600 at the indicated times compared to the zero time point. Each data point represents the mean and standard deviation from three independent experiments.
Zymogram assay. Zymogram analysis was conducted to detect alterations in autolysin activity as previously described (47) but with minor alterations. Heatkilled RN4220 cells were incorporated into an 8% sodium dodecyl sulfate (SDS)-polyacrylamide gel at 10 mg (wet weight)/ml. Autolytic enzymes were extracted from 10 ml of culture grown to an A 650 of 0.7 using 100 l of 4% SDS, and equivalent protein levels were loaded in the SDS-polyacrylamide gel. After proteins were renatured overnight in water, the gel was incubated with 0.1% methylene blue to visualize clear bands, representing an area of RN4220 cell lysis. The assay was repeated three times, with results from a representative experiment shown.
Determination of whole-cell surface charge. We sought to determine the whole-cell surface charge by using a cytochrome c binding assay (17, 35) . Cytochrome c (Sigma) is a highly positively charged protein (pI ϭ 10; 12 kDa) and can be detected by A 530 , binding of which is dependent on the net negative surface charge of S. aureus cells (17, 35) . Briefly, cells grown overnight in TSB were pelleted and washed twice with 20 mM MOPS (morpholinepropanesulfonic 
RESULTS
Four uncharacterized TCRS in S. aureus lie adjacent to ABC transporter genes. The genome of Staphylococcus aureus strain COL encodes 16 chromosomally encoded TCRS (25) , four of which are located next to ABC transporter systems ( Table 3) that include an ATPase and a predicted efflux permease. Physically associated TCRS and ABC transporter systems in grampositive bacteria have been associated with antimicrobial peptide resistance, especially for self-resistance needed for bacteriocin production (21, 30) . Three loci (SACOL0716 to -0720, SACOL2356 to -2359, and SACOL2643 to -2646) had at least 100 bp between the two sets of genes, signifying that they may represent two distinct transcripts, while the fourth locus (SACOL1352 to -1355) had a minimal distance between the TCRS and the ABC transporter genes, suggesting that all four genes may be cotranscribed (Table 3) . Genomic analyses revealed only one of the four loci (SACOL2356 to -2359) with divergently transcribed TCRS and ABC transporter genes. Interestingly, the SACOL2359 sensor histidine kinase protein is the only "classical" sensor kinase that contains a large extracellular sensor domain, while the rest have truncated sensing domains, as indicated by the total protein size in Table 3 . It has been proposed that sensor kinase proteins with truncated sensing domains may monitor intramembrane conditions (29) .
The TCRS GraRS provides basal levels of VAN resistance. To determine the functions of these four two-component systems with adjacent ABC transporter genes, we utilized a reverse genetic approach whereby the response regulator gene was mutated by an in-frame deletion in each of these four loci of parental strains RN6390 (methicillin-susceptible S. aureus [MSSA] ) and COL (MRSA). A recent paper reported higher transcript levels of the TCRS genes SACOL0716 to -0717 in VISA and renamed them graRS (9) . While none of these mutations affected growth in CSMHB (Fig. 1A) , hypersensitivity to a clinically relevant antibiotic, VAN, at 1 g/ml was detected in the COL graR mutant but not in other TCRS mutants (Fig.   1B ). This phenotype was restored to wild-type levels with ectopic expression of the wild-type graR gene in the graR mutant but not with empty vector pEPSA5 (14) (Fig. 1C) , thus establishing the genetic linkage between graRS and baseline resistance to VAN in S. aureus. Similar results showing graR hypersusceptibility to VAN were obtained using mutations in the RN6390 strain background (data not shown). We denote such baseline resistance as the intrinsic level of resistance, even in strains classified as VAN sensitive (e.g., COL). Using this definition, one can speculate that VISA strains (e.g., Mu50) overexpress genes responsible for such basal resistance, as was found with graRS by another group (9) .
GraRS induces expression of the adjacent vraFG ABC transporter genes. The genetic arrangement of the graRS locus adjacent to vraFG, which are known to be overexpressed in strains exhibiting increased VAN resistance (24, 31) , led us to consider the possibility that vraFG may be a key mediator of GraRS-dependent resistance to VAN (Fig. 2A) . The VISA strain Mu50 was utilized for these expression studies due to higher transcript levels of graRS and vraFG as well as their relevance in a VISA strain. While the intergenic distances between the upstream gene SACOL0715 and graR (SACOL0716) and between graR and graS (SACOL0717) are 6 bp and 0 bp, respectively, the intergenic distance between graS and vraF (SACOL0718) is 143 bp (Table 3) that the vraFG operon may be separate from the SACOL0715-graRS transcriptional operon. Northern blot data supported this conjecture, since a probe directed against the sensor kinase gene graS revealed a transcript size of ϳ2.7 kb in the wild-type VISA strain Mu50, corresponding to the size of the SACOL0715-graRS transcript (Fig. 2b) . However, we observed potential cross-hybridization of the probe with the 23S and 16S rRNA bands as indicated in Fig. 2B , with the SACOL0715-graRS transcript size nearly identical to that of the 23S rRNA band (ϳ2.7 kb). However, in the Mu50 graR mutant strain, but not in the graR ϩ wild-type revertant strain, there was an additional transcript corresponding to a reduction in size as expected from a deletion of the graR gene (525 bp deleted). Wild-type revertant strains have a wild-type genotype but were passaged in identical conditions necessary to generate in-frame deletion mutant strains. As such, these strains are useful as controls to ensure that the culture conditions for mutant construction do not affect the experimental result (see Materials and Methods). As predicted, the size of the SACOL0715-graRS transcript (ϳ2.7 kb) in the Mu50 vraG mutant strain was not diminished (Fig. 2B) . The 2.7-kb size of the SACOL0715-graRS transcript in the Mu50 wild-type, graR mutant, and vraG mutant strains supports the hypothesis that the graRS TCRS transcript does not contain the vraFG ABC transporter genes. Moreover, this blot also revealed no significant positive autoregulation by the graR gene, as the graS transcript intensity was not reduced in the Mu50 graR mutant.
To determine if vraFG are regulated by the adjacent TCRS genes graRS, we performed Northern blot analysis using a probe directed against vraF, encoding the putative ATPase. As shown in Fig. 2C , a strong 2.7-kb band was visualized in the wild-type and wild-type revertant strains, again indicating that only vraFG are transcribed in the transcript. In the Mu50 graR mutant, the vraF transcript level was markedly reduced, indicating that vraFG are dependent on GraR for expression. We also observed potential cross-hybridization of the 23S and 16S rRNA bands as indicated in Fig. 2C , but to a lesser extent than when probing against graS. Surprisingly, the Mu50 vraG mutant also exhibited a highly reduced level of vraF transcript even though the vraG deletion was in frame and downstream of vraF. While it is unlikely that the VraG permease has a regulatory role in its own expression, we speculate that a 1.8-kb deletion in a 2.7-kb full-length transcript from the Mu50 vraG mutant may render the transcript unstable. As such, the genotype of the Mu50 vraG mutant is akin to a vraF vraG mutant. Similar results for vraG regulation by GraR were also found in COL strains, where the wild-type strain had a 2.7-kb band (Fig.  2D, lanes 1 to 3) but the band was absent in the COL graR mutant strain (Fig. 2D, lanes 4 to 6) . Cross-hybridization of the vraG probe with 23S and 16S rRNAs appeared to be much less in strain COL. When the graR gene was ectopically expressed from pEPSA5 in the COL graR mutant (Fig. 2D, lanes 7 to 9) , but not with the empty vector (Fig. 2D, lanes 10 to 12) , the graR-complemented strain revealed a strong vraG transcript. When COL wild-type cells were incubated with a bolus of VAN (Fig. 2D, lane 2) but not with imipenem (Fig. 2D, lane 3) , there was a potentially mild increase in vraG transcript intensity compared to no treatment (Fig. 2D, lane 1) . Unfortunately, the expression level of the SACOL0715-graRS tran- (27) , gene sizes, translated protein sizes, and amino acid changes between proteins of the COL and Mu50 strains. (B, C, and D) Shown in the upper panels are autoradiographs from the Northern blot assay. To the left of the images are RNA size standards (designated in kb), while to the right of the images are arrows indicating likely cross-reactivity of the labeled probe to rRNA bands (B and C). The lower panels contain the ethidium bromide-stained RNA gels of 23S and 16S rRNA prior to Northern blotting to indicate comparable loading between strains. WTR, wild-type revertant. (B) Northern analysis using the indicated Mu50-derived RNA that was probed with a 400-bp 32 P-labeled DNA fragment internal to the graS gene. Note the presence of a transcript, albeit expectedly smaller (ϳ2.2 kb), in the Mu50 graR mutant strain (gray arrow). (C) Northern analysis using the indicated Mu50-derived RNA that was probed with a 400-bp 32 P-labeled DNA fragment internal to the vraG gene. Note the greatly reduced level of vraFG transcript in the Mu50 graR mutant strain. (D) Northern analysis using the indicated COL-derived RNA that was probed with a 400-bp 32 P-labeled DNA fragment internal to the vraG gene. RNA was isolated from wild-type COL (lanes 1 to 3) , the graR mutant (lanes 4 to 6), the graR mutant with graR expressed from pEPSA5 (lanes 7 to 9), and the graR mutant with empty vector pEPSA5 (lanes 10 to 12). Cells were treated with an antibiotic (Ab) 10 minutes prior to RNA isolation: V, VAN (20 g/ml); I, imipenem (20 g/ml); -, no treatment. To verify this mode of regulation, independent quantitative real-time reverse transcriptase PCR was performed (Table 4) . These data mirrored the Northern analysis, where (i) GraR does not autoregulate the SACOL0715-graRS transcript (graR mutant and wild-type revertant strain transcript levels of graS are nearly equivalent), (ii) VraFG mutations do not affect graS transcription (vraG mutant and wild-type revertant transcript levels of graS are nearly equivalent), (iii) GraR does regulate vraFG (there is more than a 3.5-fold reduction in transcript level in the graR mutant compared to the wild-type revertant strain), and (iv) vraG mutations affect vraF transcript levels (there is a dramatic reduction of the vraF transcript level in the vraG mutant relative to the wild-type revertant strain).
graR and vraG mutants exhibit a limited range of antibiotic resistance defects. VISA strain Mu50 mutants were tested for increased sensitivities to a wide range of antibiotics to define their antibiotic susceptibility phenotype. Antibiotic sensitivities were determined by the standardized MIC microdilution assay (6) . Among the different agents tested, only two antibiotics were more effective in inhibiting mutant growth ( Table 5 ). The MICs of VAN are reduced from 8 g/ml for wild-type Mu50 to 1 g/ml for the Mu50 graR mutant and to 2 g/ml for the Mu50 vraG mutant. The resistance to PMB, a membrane-damaging agent, was reduced from the wild-type level of 128 g/ml to 16 g/ml in both mutant strains. Although both of these antibiotics are cationic peptides, they inhibit bacterial growth by various mechanisms, with VAN inhibiting transpeptidation reactions in the cell wall (40) and PMB increasing membrane permeability (12) . The remaining 20 antibiotics did not exhibit variations in sensitivity of more than twofold, including those affecting cell wall synthesis, cell membrane stability, and protein synthesis and other, miscellaneous inhibitors. The MICs for wild-type revertant strains were subsequently found to be identical to those for the parental Mu50 (not shown). To verify the phenotypes of VAN and PMB mutants in other strains, we assessed the MICs for COL-and RN6390-derived mutants. As expected, the COL graR, graS, and vraG mutants were more sensitive to VAN (MIC of 1 g/ml) and PMB (MIC of 8 g/ml) than the COL wild-type strain (VAN MIC of 2 g/ml and PMB MIC of 64 g/ml) (Table 6) ; similarly, the RN6390 graR, graS, and vraG mutants were more sensitive to VAN (MIC of 0.5 g/ml) and PMB (MIC of 4 g/ml) than the RN6390 wild-type strain (VAN MIC of 1 g/ml and PMB MIC of 32 g/ml). While the reductions in VAN levels for both COL and RN6390 mutants were only twofold, larger changes may not have been expected, as the wild-type strains are VAN sensitive. Nevertheless, the changes of VAN sensitivity in COL were consistent and led to significant growth alterations in the presence of VAN (Fig. 1) .
Multiple GraRS-regulated genes contribute to the Mu50 graR mutant sensitivity. Initial results demonstrated that complementation of the COL graR mutant with graR expressed in trans (Fig. 1C) restored the basal VAN resistance. Using a genetic approach, we wanted to determine if vraFG expression was the sole determinant in mediating GraRS resistance to VAN and PMB. We utilized pEPSA5-based expression plasmids (14) containing wild-type vraFG and graRS in a complementation experiment with the Mu50 mutants as measured by MICs when strains were grown with or without induction (0.5% xylose or glucose) in each of the three independent experiments, so the data presented in Table 7 represent the median MIC for all combined conditions and experiments. We subsequently transformed the plasmids containing vraFG or graRS genes from Mu50 DNA, and also one containing vraFG genes from COL DNA, into wild-type strain Mu50 and the graR and vraG mutants. The levels of resistance did not increase in the parent Mu50 containing the recombinant pEPSA5 plasmids, suggesting that additional copies of either graRS or vraFG could not make Mu50 more resistant to VAN or PMB (8 and 256 g/ml, respectively). When the recombinant pEPSA5graRS1 plasmid (Mu50 DNA) was added to the Mu50 graR mutant, there was an appreciable increase in resistance to VAN and PMB (4 and 128 g/ml, respectively), albeit not a complete restoration to wild-type levels. In contrast, when vraFG was ectopically expressed from pEPSA5 (pEPSA5vraFG1) in the Mu50 graR mutant, we did not observe a similar increase in resistance levels compared to those with the empty plasmid pEPSA5 (2 and 16 g/ml, respectively). This indicates that while vraFG is one effector of GraRS-based resistance, it is not the sole determinant, and suggests that other GraR-regulated genes may mediate the observed VAN and PMB resistance. This premise was supported by the finding that ectopic graRS expression in the Mu50 vraG mutant conferred resistance to VAN and PMB relative to the empty vector strain (8 and 256 g/ml compared to 2 and 16 g/ml, respectively). In a previous report, Cui et al. suggested that a critical amino acid substitution in the GraR protein (Ser 197 in Mu50 to Asn 197 in N315) may affect its function (9) . To test this further, we used COL DNA, which also contains Asn 197 in GraR, in place of Mu50 DNA for complementation in the graR mutant. However, it should be stressed that besides the substitution at position 197 of GraR, there is one additional amino acid changes in GraR and three in GraS between the COL and Mu50 sequences (Fig. 2A) . As seen in Table 7 , pEPSA5graRS2 from COL DNA increased the resistances to VAN and PMB in both mutant strains but at slightly lower levels compared to the Mu50 graRS genes. It is thus likely that both graRS expression levels and GraRS primary sequences may contribute to resistance levels in Mu50. This hypothesis is further supported by the observation that wild-type COL (VAN sensitive at 2 g/ml) can be converted to a VISA strain by overexpression of the graRS genes (Table 6 ). Importantly, the levels of resistance to VAN and PMB were higher in the COL strain that overexpressed Mu50-derived graRS genes (VAN at 8 g/ml) than in the strain that overexpressed COL-derived graRS genes (VAN at 4 g/ml). These data further support the notion that some or all of the two amino acid substitutions in GraR and three in GraS are important for full conversion to the VISA phenotype.
Autolytic activity is increased in graRS mutants of S. aureus. To help define the mechanism of GraRS-mediated antibiotic resistance, we sought to evaluate the autolytic activity of the Mu50 strains. VISA strains (including Mu50) have been shown to have greatly reduced levels of autolysis (3, 34, 47, 50) . We considered the possibility that the reduction in VAN resistance in the Mu50 graR and vraG mutants may be associated with increased autolytic activity. Accordingly, autolysis was measured by lysis of cells in a Triton X-100 buffer over time (Fig.  3 ) (20) . While the wild-type Mu50 and both wild-type revertants had minimal autolysis over the course of these experiments, both mutants had decreased optical densities (P Ͻ 0.01) after 3 hours of incubation, indicating augmented autolysis compared to the wild type. The differences between mutant and revertant strains indicated that the culturing conditions associated with allelic replacement did not cause the large increase in autolysis, even though there were slight changes between the wild-type parental and revertant strains attributable to repeated culturing without VAN selection (see Materials and Methods). We next sought to determine if the increased autolytic rate in the mutant strains could be visualized by zymogram analysis (data not shown). We observed that only in the Mu50 vraG mutant strain was there a more intense lytic FIG. 3 . Autolysis of Mu50 wild-type and mutant strains. The graph reveals the reduction of bacterial density over time in the presence of buffer containing 0.05% Triton X-100 at 30°C (see Materials and Methods). The mean percent loss of cell density at the indicated times are overlaid with standard deviations from three independent experiments. ‫,ء‬ statistical significance of the indicated strain with respect to the Mu50 parental wild-type strain at the 3-hour time point, as determined by the paired Student t test (P Ͻ 0.01). WTR, wild-type revertant. A less negative bacterial surface charge is produced by graRS expression. As VAN and PMB are both cationic peptides produced by bacteria, we sought to determine if the overall charge of the bacteria is affected by these mutations and hence alters the sensitivity of the mutants to cationic antimicrobial peptides. Previous studies on teichoic acid synthesis revealed that the dlt mutant, which fails to incorporate D-alanine residues into the negatively charged lipoteichoic acid (LTA) molecule, has a more net negative charge than the parental wild-type strain, which consequently renders cells more susceptible to cationic peptides (17, 35) . The net surface charge was determined by an assay for binding to cytochrome c, a highly charged molecule (pI ϭ 10) that is readily detectable by A 530 (17, 35) (Fig. 4) . With this assay, we found that mutations in the graR response regulator gene (Fig. 4, bar 2 ) and the vraG permease gene (bar 4) led to statistically significant (P Ͻ 0.01) more binding by cytochrome c than in the parental wildtype strain Mu50 (bar 1) as well as the wild-type revertant strains (bars 3 and 5). Complementation of these two mutant strains conferred less binding (less negatively charged) to cytochrome c, as expected (bars 6 to 9). Furthermore, graR, graS, or vraG mutants of the MRSA strain COL also bound higher levels of cytochrome c (P Ͻ 0.01), consistent with a more negative surface charge (bars 10 to 13). Overall, these results imply that a functional graRS TCRS may render the bacterial cells more positively charged; this alteration in surface charge may, in part, be due to the expression of the GraR-regulated ABC transporter VraFG.
DISCUSSION
In this study, we have described two genes that likely mediate the VAN-intermediate resistance phenotype in S. aureus. Although graRS and vraFG have been previously linked to overexpression in VISA strains by microarray analyses, we have genetically linked their activity to VAN resistance in this report. More specifically, we found that the isogenic mutants of graR and vraG in the VISA strain Mu50 had increased susceptibility to the clinically relevant antibiotics VAN and PMB (both having a net positive charge). These mutant strains exhibited increased autolysis rates and enhanced net negative surface charges compared to the wild-type and wild-type revertant strains. The observation that GraRS regulated the expression of vraFG links their phenotypes to an expression cascade, but partial phenotypes observed in Mu50 graR mutants complemented with vraFG genes suggest that other genetic elements controlled by GraRS may affect VISA phenotypes. Of note, we did not visualize considerable alterations in RNA transcript levels of sarA, RNAIII of agr, pbp2, or pbp4 using Northern analysis (data not shown). Moreover, the mutant phenotypes in non-VISA strains (COL and RN6390) also confirmed our observation that these genes are important in mediating basal resistance to VAN and PMB.
The classic examples of genetic linkage between a TCRS and an adjacent ABC transporter in gram-positive bacteria are the bacteriocin immunity regulons (21, 30) . Strains producing bacteriocins (bacterially derived antimicrobial peptides) must protect themselves from autologous peptide killing (e.g., by nisin or bacitracin), whereby a TCRS senses the bacteriocin and activates transcription of an adjacent operon encoding an ABC transporter, which then exports the peptide externally to prevent binding at its intended target site. Unlike the classical immunity pumps, which are usually located near the bacteriocin biosynthesis genes on the chromosome, the genetic locus of SACOL0716 to -0720 (encoding GraRS and VraFG) is not located at a region of bacteriocin production. It is interesting that the sensor domain of GraS is much smaller than the typical sensor histidine kinases. This type of truncated membrane sensor domain has been postulated to represent an intramembrane sensor (29) . Whether this pertains to GraS as a potential membrane sensor is not clear. Computational analyses of the vraFG locus indicated that it likely acts as an exporter pump, rather than as an importer, since most import ABC transporters contain a high-affinity solute-binding domain, which is apparently lacking in either protein (11, 51) . We found that among the many antibiotics tested, the vraG mutants are sensitive to only two tested cationic peptides (VAN and PMB).
PMB is generally thought to be ineffective against grampositive bacteria due in part to the cell wall, which limits diffusion of PMB to the cell membrane (26, 48) , and also to the absence of lipopolysaccharide, the target of PMB, thus reducing binding affinities of PMB to the gram-positive cell (43) . In place of lipopolysaccharide, many gram-positive bacteria incorporate LTA and wall teichoic acid into the cell membrane and cell wall, respectively. The increased sensitivities to PMB in the graR and vraG mutants suggest that PMB may gain greater access to the cell membrane, bind with higher affinity, or increase the membrane permeability to PMB in these mutants. The results shown here indicate that the overall surface charge is more negative in these mutants, possibly implying that PMB-mediated inhibition may be at the level of binding affinity, but further experimentation is clearly needed to validate this hypothesis. We also studied the extent of peptidoglycan cross-linking in the Mu50 graR and vraG mutants and discovered no significant differences compared with the parental strain (data not shown). We thus speculate that rates of diffusion of PMB through the cell wall may be unaffected in the hypersensitive mutants. Indeed, preliminary studies in our laboratory showed that a mutation in ypfP (22) , which reduces LTA attachment to the cell surface, but not in a cell wall teichoic acid tagO mutation (52), led to hypersusceptibility to PMB compared to that of wild-type parental strains, suggesting that the presence of anchored LTA increases protection of S. aureus from PMB action (data not shown). Furthermore, recent microarray data from Friedrich Götz's group reveal that GraR positively regulates the dlt operon (S. Herbert et al., submitted for publication). The contribution of D-alanylation via the dlt operon has been well established as generating a more net positive bacterial surface charge that alters levels of resistance to cationic antimicrobial peptides (35) and VAN (36) in S. aureus. The observed phenotypes of the Mu50 graR mutant strain may therefore have been affected by altered expression levels of both the vraFG transporter and the dlt D-alanylation operons.
Based on data presented in this study, one mechanism of VAN-intermediate resistance involves the regulation of multiple GraR-mediated genes. We speculate that on one level, the VraFG ABC transporter potentially enhances export of cell wall/teichoic acid precursors or modifying subunits rather than export of VAN or PMB, since the molecular structures of these antibiotics are quite dissimilar. Meanwhile, other GraR-mediated genes may encode transporter proteins or modifying enzymes that could potentially provide redundancy for VraFG or function downstream of VraFG. Further research will delineate the specific transport functions of VraFG, the signaling molecule initiating TCRS phosphotransfer in GraS, and the nature of genes other than vraFG that provide resistance against VAN and PMB. Furthermore, the nature of the observed overexpression of graRS in strain Mu50 remains mysterious, as we have not yet uncovered potential regulators for the graRS operon. A comparison of the putative promoter upstream of the SACOL0715 gene that drives the graRS operon revealed four nucleotide substitutions between strains Mu50 and COL (not shown). All of these substitutions are upstream of the Ϫ35 binding region of the RNA polymerase but within 300 base pairs of the start ATG codon, indicating that these substitutions may be included in the promoter, but we are unsure if they have an effect on gene expression.
The discovery that a bacterial sensor histidine kinase recognizes mammalian antimicrobial peptides (2) is of interest in that the system studied here may have bearing on bacterial basal resistance against mammalian and other microbial peptides in human hosts and in diverse polymicrobial environments. This conjecture was supported by a recent report demonstrating that Bacillus subtilis ABC transporter genes are upregulated via an adjacent TCRS in the presence of human antimicrobial peptide LL-37 (38) . Indeed, some of our longterm objectives are to characterize the four linked loci in S. aureus (Table 3) for resistance phenotypes against a broad range of bacterially and mammalian-derived antimicrobial peptides. This would advance our understanding of the role of these TCRS transporter loci in VAN-intermediate strains and other intermediate phenotypes arising from selection in the presence of antibacterial peptides. An appreciation of these processes will enable microbiologists to predict patterns of resistance against current and future antimicrobial peptides that are being developed against staphylococci. Additionally, these studies may provide an impetus to search for novel agents to increase the sensitivity of S. aureus to VAN and other related peptide antibiotics. As these TCRS-ABC transporter loci are also present in other pathogenic bacteria, these studies may apply to other pathogens as well.
